Elongated protrusions (diam. 15o to 25o nm) extending from the cell membranes, have been observed by scanning electron microscopy and in thin sections of calf kidney cells IO h after infection with high multiplicities of parainfluenza virus 3 (VIV-3).
INTRODUCTION
Parainfluenza-3 virus (PIV-3) has been considered pleomorphic with a great range of size: IOO to 58o nm (Kahn, Kita & Gillespie, I969; Compans & Choppin, I97I; McLean & Doane, 1971; Kingsbury, 1972 ) . The assembly of paramyxovirus is completed at the cell membrane, followed by the release through a budding process (Blair & Robinson, I97o; Allison, I970. This study has been concerned with electron microscopic analysis of the budding process, and the shape of the virus at this stage. Early fixed and unfixed, isolated PIV-3 particles were compared to determine whether the suggested pleomorphism is natural or an artifact due to the preparation procedure. The envelope of PIV-3 was studied after spontaneous and enzyme induced disintegration to look for possible fragile regions in the envelope, which might predispose particle breakage resulting in pleomorphic virus.
METHODS
Viruses. The bovine PIV-3 strains Tiibingen E6 (Tiib E6) and Umeh-23 (Uz3) were used.
These were propagated in secondary cultures of calf kidney cells, maintained in Eagle's minimum essential medium with z ~ horse serum. In an effort to obtain high yields of synchronously released virus, high doses of PIV-3:about 5o TCDs0/cell, were adsorbed to the cell cultures for 3o to 6o min at 37 °C. The virus suspension was then removed and the cells were rinsed in maintenance medium. After virus propagation had continued for 16 to zo h in 360
S. H(JGLUND AND B. MOREIN I l bottles, the cell culture fluid containing virus was harvested. At that time no c.p.e, could be seen. Cell cultures on cover slips in Leighton tubes were used for analysis of virus infected cells (see below).
Virus purification and early fixation. Cell debris was removed from the cell culture fluid containing virus by centrifuging at 3500 g for 30 min. The virus was then pelleted at 5ooo0 g for 3 h in a Spinco SW2I rotor. The pellet was dissolved in 0"5 ml o.~ M-phosphate buffer at pH 7.2. At this stage most of the preparations were fixed by 1.25 ~ glutaraldehyde at pH 7.2. The virus material was then layered on a preformed 2o to 6o ~o sucrose gradient. Density gradient centrifuging was performed in a Spinco SW 5o'I rotor at 33ooo rev/min for i8 h. A distinct band was formed which corresponds to the highest haemagglutination titres (see below).
Haemadsorption was performed in parallel with the scanning electron-microscopic analysis on tube cultures of calf kidney cells, similarly infected with PIV-3 (see below). The cell culture fluid was discarded. The cells were washed 3 times in PBS at 37 °C and 1.5 ml of a 0"5 ~o guinea pig erythrocyte suspension was allowed to adsorb for 3o min at room temperature. Thereafter the cells were washed 3 times with PBS. Haemadsorption was read in the light microscope.
Haemagglutination test was performed by serial dilution by the microtechnique, using standard equipment (Microtiter Cooke engineering Company, Alexandria, V.A.).
Enzymic disintegration ofPIV-3. The virus was treated by phospholipase C (Calbiochem; used without further purification) at a concentration of 1.5 to 3.o mg/ml in tris-HC1 buffer pH 8.0. Equal vol. of PIV-3 (211 to 214 H.A.U.) and enzyme were incubated at 37 °C for I to 24 h.
Preparation of cells for scanning electronmicroscopy (SEM).
Calf kidney cells were propagated on coverslips in Leighton tubes. Samples were collected and fixed at various periods of PIV-3 infection (3 to IOO h) at 37 °C. Non-infected control cells were similarly incubated at 37 °C and fixed. Haemadsorption tests were performed in parallel. The monolayer of cells was rinsed with o'9 ~o NaCl and fixed with 2"5 ~ glutaraldehyde (Sabatini, Bensch & Barnett, I963) (treated with charcoal and filtered through a glass filter to remove polymerization products in the fixative), for about 20 h at 4 °C. Post-fixation was performed, after rinsing in 0. 9 ~ NaC1, in neutralized I ~ osmic acid for I h. After rinsing in 0"9 ~o NaC1, the specimens were subjected to ethanol dehydration; some samples were freeze-dried in an Edwards freeze-drying unit at -5 ° °C for 4 8 h at 0.0 5 Torr. The dehydrated specimens were coated by a palladium gold alloy in a J~EOL evaporator and analyzed in a JSM-U3 (JEOL) scanning electron microscope at 15 kV accelerating voltage.
Thin sectioning. Fixed and dehydrated cells were embedded in Epon and sectioned in a LKB ultramicrotome, which was kindly performed by Miss Marina Halvarsson. The sections were stained by floating on 0"5 ~ uranyl acetate (UAc) and were used for control analysis of the cell membranes.
Gelfiltration. To remove low mol. wt. substances, the disintegrated virus material was run through a 30 x I'5 cm Sephadex G2oo column in o-I M-tris-HC1 with 0"9 ~o NaC1 and o.o2 ~o NaN3 pH 8-o. The flow rate was 2"3 ml/cmZ/h, I-3 ml fractions were collected.
Transmission electronmicroscopy (TEM).
Specimens were prepared from either fixed material or from material which was not fixed prior to the contrasting. Excess sucrose from the density gradient centrifuging was removed by touching the grid with the sample to o-~ M-ammonium acetate buffer, pH 6.8. To establish whether contrast agent, pH etc. might affect the structure of the membrane material different contrasting agents were used in parallel: 2 ~ potassium phosphotungstate (KPT) pH 7.0, 2 ~ ammonium molybdate,
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pH 7" I, or I ~o uranyl acetate, pH 4"6. Some specimens were also examined on the Goniometer stage of the electronmicroscope using different tilt angles (+ 6o ° to -60 °) to determine to what extent the specimen had been flattened on the support film. The specimens were examined directly in a Philips 30o electron microscope; 6o kV accelerating voltage was used throughout. Photographs were taken in through focal series with minimal beam exposure (Williams & Fisher, I97O ).
RESULTS
Analysis of budding from PIV-3-infected cells
Haemads0rption tests indicated that PIV-3 haemagglutinins were present at the surface of the cells from about 7 h after infection.
The morphology of the membrane of PIV-3 infected cells changed during the course of infection as observed by SEM analysis and on studies of sectioned material. Until 9 h the non-infected and infected cells appeared similar with a comparatively smooth surface (Fig. r (a) and (d)). From about Ioh post-infection onward protrusions budding out from the cell membrane were detected. These appeared most abundantly at about I3 h ( Fig. 1 (b) ). When a low infection dose was used, protrusions were detected at 25 to 3o h post-infection ( Fig. I (e) ). The shape of the protrusions was generally round or elongated with a round tip ( Fig. I (e), Fig. 2 ). The diam. of these structures was in the range of 150 to 250 nm. TEM analysis of isolated PIV-3 particles occasionally showed a structure, comprising a round PIV-3 particle, connected to a fragment of a membrane (Fig. 3) . The number of protrusions was diminished and big cavities in the cell membrane were regularly observed about ~oo h post-infection (Fig. I (c) ).
The specimens were examined by SEM at different tilt angles: o ° to 45 ° and rotation angles in order to analyse a large area of the cell surface. By this means protrusions could be resolved on the entire observable cell surface, and elongated protrusions were observed extending in all directions from the cell membrane ( Fig. 1 (e) ).
The morphology of these buddings was compared to that of PIV-3, U23 strain, adsorbed to calf kidney cells at -4 °C for 3o min which was analysed by SEM. These adsorbed virus particles were roughly spherical with a diam. of about i5o to 2o0 nm. SEM analysis on isolated and fixed PIV-3 particles showed particles which were roughly round, and measured 200 nm (Fig. 4(b) ).
Intact PIV-3 Morphology of isolated PIV-3 particles
Early fixed PIV-3 particles formed a narrow band after density gradient centrifuging in 2o to 60 ~ sucrose, which was monitored by spectrophotometry and by haemagglutination tests (Fig. 5 ). The haemagglutinating activity (H.A.) of fixed PIV-3 was found in the fractions forming the large peak. The concentrated virus suspension was usually dialysed prior to further experiments to remove excess sucrose. Unfixed PIV-3 formed a similar band in the sucrose gradient, in which fractions H.A. was found; but several fractions with lower sucrose densities also showed H.A. (Fig. 5) . The unfixed particles appeared distorted in TEM, with their diam. ranging from Ioo to 50o nm (Fig. 4(a) ). The fragile structure of PIV-3 was stabilized in glutaraldehyde fixed specimens (Fig. 4(b) , (c) and (d)). Many round particles were observed with a diam. ranging from Ioo to 2oo nm, only a fraction of the virus particles was pleomorphic. The mean diam. of the Tiib E6 strain and the U23 strain of PIV-3 were I38 and i34 nm, respectively, as calculated from about 20o projections of particles of each strain (Fig. 6 ). Fig. 2 . A portion of a sectioned cell, 15 h post-PIV-3-infection, showing a budding particle with virus spikes (s). This budding particle is connected to the cell membrane through a narrow neck (indicated by an arrow). Fig. 3 . An isolated PIV-3 particle connected to a fragment of a membrane through a narrow neck (indicated by an arrow).
In the T E M glutaraldehyde-fixed PIV-3 particles, Ttib E6 and U23 strains, usually appeared as round projections surrounded by a thin area of negative contrast agent. Oval projections with different contrast are shown at 3 °° to 45 ° tilt angles, and an obtuse, dark region of the projection was discerned at 6o ° tilt angle in Fig. 7(a) , demonstrating spherical shape of the virus particle. At very high tilt angles ( > 6o °) structures with a convex surface were observed above the support film (Fig. 7(b) ). On the other hand, unfixed PIV-3 appeared flattened on the support film, which was particularly obvious at higher tilt angles. Many pleomorphic projections were observed in unfixed and negatively contrasted PIV-3 samples (Fig. 4(a) ). A few PIV-3 particles with a kind of partly 'naked' envelope ( Fig. 8(a) ) were also observed.
Sometimes a polygonal outline could be seen on glutaraldehyde fixed virus particles, or occasionally on an unfixed PIV-3 particle which had been surrounded by other particles (Fig. 4 (e) ).
Disintegrated PIV-3
Spontaneous segmentation of the envelope was observed on unfixed virus (Fig. 4(a) ). After gel filtration of PIV-3 digested with phospholipase, most of the virus material was in the void vol. This material was partly segmented virus after short periods of digestion; after prolonged digestion it was mainly composed of smaller envelope fragments. The envelope of PIV-3 was sometimes observed broken at different places showing the inner and the outer part of the envelope (Fig. 8 (b) ). After phospholipase treatment a few, 2o to 80 nm aggregates comprising envelope fragments with peplomers on the outside of the aggregates were observed (Fig. 8 (c) ). non-infected cells appeared smooth in SEM irrespective of the preparation procedure ( Fig. ~ (d) ); this appearance differed distinctly from the rough appearance of the membrane of PIV-3 infected cells from about Io h post-infection (Fig. I (b) ). The early accumulation of PIV-3 components (haemagglutinins) was confirmed by haemadsorption tests. The rough cell membrane exhibited numerous protrusions. Similar protrusions were observed by Reed & Boyde 0972) in organ cultures of calf trachea 7 days post-PIV-3-infection. This comparatively late morphological change of the cells might be due to a low infection dose or to a low susceptibility of the organ culture cells to PIV-3.
Individual and fixed PIV-3 as well as PIV-3 adsorbed to calf kidney cells, appeared round with a diam. consistent with that of the protrusions from the PIV-3 infected cells. These observations indicate that the protrusions, budding out from the membrane of the virusinfected cells, are virus induced. Thin-sections of virus-infected cells confirmed the presence of virus spikes (peplomers) on these protrusions (Fig. 2) , thus implying that these budding structures are not microvilli, sometimes present on uninfected cells. However, these studies have pointed out the difficulty of demonstrating by thin-sectioning the shape of protrusions which extend in all directions from the cell membrane. A possible late stage of the buddingoff process was observed by TEM of isolated PIV-3 which were apparently still attached to s. HOGLUND AND B. MOREIN fragments of the cell membrane (Fig. 3) , comparable to Fig. 2 . Fusion between Sendai virus and human erythrocytes also gives a similar appearance of virus attachment to a cell membrane (Apostolov & Almeida, 1972) . The metal coating of the infected calf kidney cells could hide the 'neck' of the budding virus in SEM (Fig. I (e) ).
It was regularly observed that, at longer times after virus infection, the cell membrane again appeared smooth and was apparently fragile, as indicated by cavities in the membrane (Fig. I (c) ). The diminished number of protrusions suggests that most of those observed at shorter times after infection had been lost due to completion of the budding process.
The goniometer analysis was performed to show the 3-dimensional shape of the virus particle (H6glund & Blomkvist, I972) . No detectable beam damage on the virus particles was observed in this TEM study (Fig. 7) ; this was aided by chemical fixation, by the use of minimal beam current (Williams & Fischer, I97O ) and by an image intensifier connected to the electron microscope. The analysis of fixed PIV-3 shows that there was minimal flattening of the virus particle on the support film (Fig. 7) , which would imply that the diam. and the roughly spherical shape of the virus reflect those of native PIV-3. On the other hand unfixed PIV-3 was observed to be distorted and flattened, and thus the analysis does not give correct information about either size or shape. These results point out the necessity of stabilizing the structure of fragile virus particles for electronmicroscopic analysis of their shape and size.
The pleomorphic projections obtained on unfixed PIV-3 particles (Fig. 4(a) ) had arisen due to a flattening of the particles, which would increase the size of their projections in TEM. These observations were supported in this study by the different range of size obtained from fixed PIV-3: Ioo to 2o0 nm (Fig. 6 ), compared to unfixed PIV-3: Ioo to 50o nm. The latter values correspond to earlier reported dimensions of PIV-3 (Kahn et al. 1969; Compans & Choppin, 197I) . This flattening has probably been produced during the drying of specimens.
By Fig. I (e) . The difference in shape between the round, released virus and the elongated, cell-attached virus could be due to differences in the tension in the virus membrane. Compans et al. (I964) , on the other hand, have suggested that elongated forms of virus could be excluded by preparation procedures.
Some projections of PIV-3 particles appeared in TEM to be polygonal, perhaps hexagonal. This was also observed in a few unfixed PIV-3 particles (Fig. 4(e) ) which had been surrounded and supported by other particles, or by erythrocytes as observed by Hermodsson & Westman 0962) . Models of the envelope of paramyxovirus I968; Kingsbury, ~972) have been suggested consisting of an inner layer rich in lipids and an outer layer composed mainly of structural proteins. A few unfixed PIV-3 particles have shown a portion of their envelope free of peplomers (spikes), possibly demonstrating the smooth inner layer of the envelope (Fig. 8(a)) HOglund, et al. I973) .
A partial segmentation of the envelope has been obtained spontaneously or by phospholipase digestion. The envelope seems to have been ruptured in certain 'fragile regions' (Fig. 8(b) ), giving rise to a less stable 'virus structure'. These observations might explain a pleomorphic appearance of PIV-3 in TEM due to the ease of its deformation. After prolonged enzymic digestion small, round aggregates could be isolated. These aggregates showed peplomers on their outer surface and a compact material in their central portion (Fig. 8 (c) ). It is possible that the fragments of the envelope seen in Fig. 6 (b) could have given rise to the structures seen on Fig. 8 (c) by an assembly of lipid-containing material (hydrophobic) in their central portion and hydrophilic protein peplomers extending outwards.
